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Steel  Hardness  Effects  in  Boundary  Lubricated  Sliding: 

An  In-Situ  SEM  Study® 

W.  Holzhauer*  (STLE)  and  S.  J.  Calabrese  (STLE) 

Rensselaer  Polytechnic  Institute 
Troy,  New  York  12180-3590 


A  ptn-on-cyhnder  test  apparatus  was  used  tn  perform  low  speed, 
steel-on-steel  sliding  experiments  in-situ  in  a  scanning  electron  mi¬ 
croscope  (SEM).  Through  modifications  to  the  SEM.  these  exper¬ 
iments  could  be  run  with  a  thin  film  of  hydrocarbon  oil  applied  to 
the  sliding  surface.  Studies  have  been  performed  using  AISI  -4340 
steel,  both  annealed  and  through  hardened,  for  the  pm  and  cylinder 
in  combinations  of  soft  (annealed)-versus-soft,  hard-versus-soft  and 
hard-versus-hard. 

All  three  material  combinations  show  a  progressive  smoothing  m 
the  wear  track  as  the  number  of  sliding  passes  increases,  plus  ag¬ 
glomeration  of  wear  debns  interspersed  with  oil  around  the  contact. 
Both  of  these  effects  lead  to  failure  of  the  contacts  due  to  insufficient 
lubrication.  The  combinations  involving  annealed  steel  fail  catas¬ 
trophically  by  an  apparent  third  body  abrasive  mechanism  while 
the  failure  of  the  hard  versus  hard  combination  involves  intermittent 
plowing,  resulting  in  more  localized  damage. 

INTRODUCTION 

Manv  advances  have  been  made  in  the  understanding  of 
boundary  lubricated  wear  processes  since  the  original  def¬ 
inition  of  this  lubrication  regime  was  proposed  by  Hardv 
(/),  (2).  But,  as  many  reviews  of  boundary  lubrication  point 
out  (5),  (4).  (5),  there  is  still  much  to  be  learned  about  the 
operative  wear  mechanisms  and  the  variables  that  influence 
whether  a  lubricated  contact  will  slide  successfully.  Among 
the  less  understood  factors  that  influence  the  sliding  be¬ 
havior  of  boundary  lubricated  contacts  are  the  surface  to¬ 
pography  of  the  sliding  components  and  the  role  of  the 
wear  debris  that  is  generated  by  the  sliding  action. 

One  approach  to  gaining  further  information  about  wear 
mechanisms  is  to  perform  sliding  experiments  m-situ  in  a 


scanning  electron  microscope  (SEM),  thus  observing  defor¬ 
mation  and  wear  processes  in  real  time.  A  number  ol  m- 
situ  SEM  wear  studies  have  been  performed  (6)— 124).  I  hoe 
were  all  basicailv  unlubricated  experiments  that  invoked 
relatively  gross  deformations,  which  were  observable  .net 
a  short  period  of  time.  Manv  of  these  studies  (6i-(/.Yi  in¬ 
volved  a  hard  (e.g.  diamond  or  tungsten  carbide)  slider  on 
a  metal,  resulting  in  abrasion-dominated  wear  processes. 
Several  ( l9)-(24 )  involved  unlubncated  metal  sliding  on 
metal,  placing  additional  emphasis  on  the  role  of  adhesion 
in  the  wear  process. 

Recently,  a  simple  modification  to  a  scanning  electron 
microscope  has  allowed  in-situ  sliding  experiments  to  lie 
performed  with  a  thin  film  of  hydrocarbon  oil  rubricating 
the  surfaces  (25)-(27).  These  experiments  have  been  aimed 
at  investigating  the  operative  wear  mechanisms  for  steel 
sliding  on  steel  with  a  simple  lubricant  that  contains  no 
surface  active  additives.  The  results  to  date,  using  a  rela¬ 
tively  soft  steel,  have  supported  the  conclusion  that  surface 
finishing  grooves  and  scratches  act  as  essential  lubricant 
reservoirs  for  an  otherwise  marginally  lubricated  contact. 
Wear  debris  agglomerations  have  also  been  hypothesized 
(26),  (27)  to  have  a  detrimental  effect  as  the  capillants  <•< 
the  small  voids  between  agglomerated  wear  particles  acts  to 
trap  lubricant  and  thus,  draw  it  away  from  the  sliding  con¬ 
tact. 

This  paper  describes  further  work  with  AISI  4-<a<>  steel 
sliding  against  itself  in  lubricated  long-term  experiments 
that  were  continuously  observed  during  run-in.  through 
normal  sliding  and  in  the  process  of  failure.  Failure  was 
defined  as  the  point  at  which  macroscopic  surface  damage 
was  observed.  The  differences  in  wear  processes  before  and 
during  failure  are  discussed  for  hardened  and  relatively  soli 
versions  of  this  steel. 
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EXPERIMENTAL  APPARATUS  AND  PROCEDURE 


A  small  pin-on-cylinder  wear  test  apparatus,  which  has 
been  described  previously  (25),  (26),  was  used  to  run  the 
multipass  sliding  tests.  The  wear  tester  was  designed  as  a 
self-contained  unit  that  could  be  mounted  inside  the  scan¬ 
ning  electron  microscope  for  running  in-situ  wear  expert- 
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ments.  I'lie  wear  test  apparatus  could  also  be  mounted  in 
an  auxiliary  motorized  base  and  run  outside  of  the  SEM. 
The  practical  benefit  of  this  is  that  segments  of  the  sliding 
tests  could  be  run  outside  of  the  SEM  at  increased  sliding 
speed,  allowing  each  complete  wear  test  to  be  finished  in  a 
reasonable  amount  of  time. 

A  schematic  diagram  of  the  wear  tester  is  shown  in  Fig.  1 . 
Small  ball  bearings  lubricated  with  a  small  amount  of  vac¬ 
uum  oil  support  each  end  of  the  3 1 .8  mm-diaineter  rotating 
cylinder.  A  lunge-mounted,  strain-gaged  beam  with  flex¬ 
ures  for  both  load  and  friction  measurement  loads  the  pin 
against  the  cvlmder  bv  means  of  an  adjustable  spring.  The 
spring,  w  hich  is  not  shown  in  Fig.  I ,  applies  tension  between 
points  A  and  B.  The  pin  is  a  3.175  mm  diameter  rod  with 
a  conical  tip  (-40  degree  semi-apex  angle).  The  end  of  the 
conical  up  is  machined  and  polished  leaving  a  Hat  contact 
area  that  ranged  from  .16mm  (0.0065  in)  to  0.23  mm  (0.009 
in)  in  diameter  in  these  tests.  The  test  apparatus  has  ad¬ 
justments  tor  alignment  of  the  pin  tip  on  the  cylinder. 

I  he  scanning  electron  microscope  used  incorporates  a 
differential  pumping  modification  (25)  that  allows  a  signif¬ 
icant  pressure  differential  to  be  maintained  between  the 
lolumn  and  chamber  of  the  SEM.  Bv  holding  the  chamber 
at  a  higher  than  normal  operating  pressure  (between  27  Pa 
(0.2  Torn  and  65  Pa  (0.5  Torn  in  these  tests |.  liquid-lubricated 
surfaces  can  be  imaged  with  good  resolution  without  allow¬ 
ing  anv  significant  contamination  of  the  SEM  column. 

A  low-allov  steel  (AISI  4340:  0.40C.  l.80Ni.  O.SOCr. 
0.25Mo)  was  used  for  both  the  pm  and  the  cylinder  in  these 
tests.  Tests  were  run  with  hardened  steel  (hardness:  Rc  55) 
sliding  against  hardened  steel,  annealed  steel  (hardness:  Rc 
22)  sliding  against  annealed  steel  and  with  a  hardened  pin 
on  an  annealed  cylinder.  The  pin  tips  had  a  smooth  polished 
surface  while  the  surface  of  the  cylinders  was  finished  with 
u  pattern  of  grooves  (generated  with  abrasive  paper i  The 
technique  used  to  generate  a  consistent  pattern  of  grooves 
on  the  cylinder  surfaces  was  previously  described  (25). 


TEST  PROCEDURE 


Each  of  the  sliding  tests  was  started  with  the  tester  mounted 
inside  'he  scanning  electron  microscope.  After  a  few  cvl- 


Flg.  1—  Schematic  Diagram  of  PM-on-Cyllndor  Woor  T as  tar.  A  spring  In 
tsnaion  batwaan  points  A  and  B  sppltai  load  to  tha  contact 


inder  revolutions,  the  tester  was  then  removed  from  the 
SEM  and  run  at  higher  sliding  speed  outside  of  the  SEM. 
Periodically,  the  wear  test  was  interrupted  for  additional  m- 
situ  SEM  viewing  as  well  as  other  measurements.  Because 
of  the  self-contained  nature  of  the  test  apparatus,  none  ot 
these  interruptions  to  move  the  test  into  or  out  of  the  SEM 
required  any  disassembly  or  realignment  of  the  test  com¬ 
ponents. 

In  all  cases,  the  cylinder  was  lubricated  once  before  each 
wear  test  bv  rubbing  a  thin  film  of  molecularlv  distilled 
hydrocarbon  oil  (intended  for  vacuum  applications)  onto 
the  sliding  surface.  This  luburant  film,  which  was  deter¬ 
mined  to  be  well  under  1  pm  in  average  thickness,  was  not 
replenished  during  the  tests.  The  oil  did  not  contain  anv 
surface  active  additives  other  than  those  which  mav  have 
been  formed  as  a  result  of  oxidation  or  reaction  ol  the  oil 
during  the  tests. 

Table  1  summarizes  the  experimental  conditions  lor  the 
tests  that  will  be  discussed  in  this  paper.  Additional  wear 
tests  were  run  for  the  hard-versus-hard  and  annealed-versus- 
annealed  combinations,  which  will  not  be  described  m  detail. 
The  results  of  these  additional  tests  support  the  qualitative 
conclusions  of  this  work. 


RESULTS-COEFFICIENT  OF  FRICTION 

Figure  2  shows  plots  of  coefficient  of  friction  versus  nine 
for  the  three  wear  tests.  The  two  solid  lines  plotted  on  Fig.  2 
(a)  and  (b)  show  the  upper  and  lower  bounds  of  the  trillion 
values.measured  during  the  segments  of  each  test  that  were 
run  outside  of  the  SEM.  In  the  hard-versus-annealed  test 
(Fig.  2  (c)),  a  few  isolated  areas  on  the  cylinder  surface  had 
a  coefficient  of  friction  which  was  much  higher  than  the 
range  observed  for  the  rest  of  the  wear  track.  The  shaded 
area  on  Fig.  2  (c)  shows  the  range  of  coefficient  ot  friction 
values  measured  in  these  isolated  areas,  while  the  two  lines 
bounding  the  non-shaded  area  show  the  range  ol  friction 
observed  for  the  rest  of  the  wear  track.  Figs.  2  (a)-(o  also 
show  the  range  of  coefficient  of  friction  measured  during 
the  periodic  in-situ.  SEM  segments  of  the  tests  bv  the  two 
symbols  connected  by  a  vertical  bar. 

The  friction  data  in  Fig.  2  show  the  same  basic  pattern 
for  all  three  wear  tests.  There  is  an  initial  period  of  smooth 
sliding  where  the  friction  is  relatively  low  and  steady,  fol¬ 
lowed  by  rougher  sliding  and  an  increase  in  coefficient  of 
friction.  In  ail  cases,  this  increase  in  friction  at  the  etui  ol 
the  wear  test  occurred  before  and  during  failure  ot  the 
surfaces  The  observations  made  during  these  three  wear 
tests  and  the  condition  of  the  failed  surfaces  will  be  de¬ 
scribed  in  the  following  sections. 


RESULTS— HARDENED  STEEL  PIN  VERSUS 
HARDENED  STEEL  CYLINDER 

In  SEM  Observation  of  the  Sliding  Contact 

Figure  3  shows  a  series  of  photomicrographs  document¬ 
ing  the  appearance  of  the  contact  throughout  the  wear  test. 
The  large,  center  photomicrograph  shows  the  pin-on-evlinder 
contact  during  the  first  revolution  of  the  test  cylinder.  A 
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Table  1 — Summary  of 

Test  Conditions 

Hardness  (Rc) 

Load 

P/A  Stress 

Sliding  Speed  (mm/s) 

Test  Deration 

Pin 

Cylinder 

[N  (lb.)| 

[MPa  (psi)| 

In  SEM 

Outside  SEM 

[Revolutions! 

55 

55 

5.29  (1.19) 

(83 

(26  900) 

0.014 

0.834 

7210 

oo 

22 

4.76(1.07) 

115 

(16  800) 

0.014 

0.111 

2070 

55 

22 

4.80  (1.08) 

222 

(32  500) 

0.014 

1 .06 

206 

HARDENED  AISI  4340  STEEL 
VS.  SELF 


ANNEALED  AISI  4340  STEEL 
VS.  SELF 


HARDENED  AISI  4340  STEEL  PIN 


Fig.  2 — Coefficient  of  Friction  veraua  Tim* 

(a)  Hardened  AISI  4340  ateei  pin  veraua  hardened  cylinder 

(b)  Anneeied  AISI  4340  at eel  pin  veraua  annealed  cylinder 

(c)  Hardened  AISI  4340  ateei  pin  veraua  annealed  cylinder 


small  meniscus  of  oil,  which  appears  black  in  the  SEM,  can 
be  seen  surrounding  the  contact  This  meniscus  built  up 
during  the  earlv  portions  of  all  of  the  sliding  tests  and  is 
supplied  with  oil  bv  the  initial  him  which  is  rubbed  into  the 
grooves  and  scratches  on  the  cylinder  surface. 

The  small  photomicrograph  in  the  upper  left  comer  shows 
a  view  identical  to  the  large  center  photo.  The  entire  pro¬ 
gression  of  wear  can  then  be  followed  clockwise  from  the 
upper  left  corner.  Note  that  the  small  photomicrographs 
are  not  all  at  the  same  magnification.  For  simplicity,  micron 
bars  have  not  been  included  with  these  photomicrographs. 


At  700  revolutions,  the  meniscus  is  in  the  process  of  being 
replaced  by  a  buildup  of  wear  debris  mixed  with  oil  1  third 
photomicrograph,  top  row).  A  similar  appearance  is  seen 
in  the  increased  amount  of  buildup  at  1923  revolutions. 
Several  areas  of  this  buildup  have  the  appearance  of  single, 
large  Hakes  of  debris.  The  photomicrograph  of  the  leading 
edge  of  the  pin  taken  at  3884  revolutions  shows  sheet-like 
forms  plus  long  arms  of  debris  extending  forward  from  the 
contact.  At  this  point  in  the  sliding  test  (3884  revolutions!, 
some  of  the  leading  edge  buildup  was  carefully  scraped 
from  the  pin  with  a  fine  copper  wire  and  diluted  with  a 
clean  mixture  of  solvent  and  mineral  oil.  A  Ferrograph  was 
then  used  to  remove  the  wear  particles  from  the  mixture. 
All  of  the  particles  found  were  Hat  platelets  of  translucent 
reddish-brown  oxide,  identical  in  appearance  to  those  iden¬ 
tified  as  Fe203  in  a  wear  debris  reference  atlas  (2<tfV  While 
a  few  large  oxide  platelets  were  found  on  the  slide  (as  big 
as  50  |un  across),  the  vast  majority  appeared  to  be  evenlv 
distributed  from  about  10  pm  down  through  the  resolution 
limit  of  the  microscope  (well  below  1  pm).  This  indicates 
that  most  of  the  complex  debris  shapes  seen  in  Fig.  3  are 
not  individual  particles,  but  are  agglomerates  of  these  line 
platelets,  which  are  held  together  by  the  oil  filling  the  spaces 
between  them. 

Figure  3  also  shows  that  walls  of  debris  slowlv  build  up 
at  the  edges  of  the  sliding  track.  At  700  revolutions  a  band 
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Fig.  3— SEM  Photomtcrogropho  of  Hardened  AtSI  4340  Stool  Pin  Sliding 
on  Cylinder  of  Some  Material.  Cantor  photo  ehowo  enlargement 
of  photo  In  upper  loft  comer,  Progtooolon  of  «Mor  dockwlae  from 
uppar  toft  cofrtof. 
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ot  oil  is  visible  at  the  edge  of  the  track,  which,  with  continued 
sliding,  becomes  more  and  more  laden  with  wear  debris.  At 
the  point  on  the  cvlinder  where  the  photomicrograph  cor¬ 
responding  to  2577  revolutions  was  taken  (seventh  photo 
on  Fig.  3).  this  built  up  band  is  especially  pronounced.  The 
photomicrograph  at  3253  revolutions  shows  a  different  lo¬ 
cation  around  the  circumference  of  the  cvlinder  where  the 
bands  ot  debris  were  somewhat  less  built  up. 

A  few  words  ot  explanation  are  necessary  for  the  last 
photomicrograph  (7 1 15  revolutions!  in  Fig.  3.  At  this  point, 
the  friction  was  extremely  high  which  was  usually  indicative 
of  surface  damage  due  to  failure  of  the  contact  in  these 
tests.  A  large  buildup  ot  debris  was  observed  optically.  How¬ 
ever.  while  mounting  the  tester  in  the  SEV1  for  video  taping 
and  photomicrographs,  the  cylinder  was  accidentally  turned 
backwards  tor  a  verv  short  distance,  which  dislodged  most 
ot  the  debris  from  the  troni  of  the  pin.  For  this  reason,  the 
last  photomicrograph  on  Fig.  3  (7115  revolutions!  shows  a 
reduced  amount  of  debris  buildup. 


Wear  Track  Inspection 

\  series  ot  SEM  photomicrographs  ot  the  cvlmder  wear 
track,  relocated  on  the  same  spot  each  tune,  is  shown  in 
Fig.  -t.  The  column  of  photomicrographs  on  the  left  side  of 
the  Fig  -4  shows  a  low  magnification  view  of  the  wear  track. 
An  enlarged  slice  across  the  wear  track  is  shown  to  the  right 
ot  each  of  these  low  magnification  images.  Because  of  space 
limitations,  additional  photomicrographs  that  showed  no 
significant  changes  in  the  sliding  surface  have  not  been  in¬ 
cluded.  Because  the  wear  track  could  not  be  identified  early 
in  the  test,  the  photomicrographs  for  2  and  100  revolutions 
have  also  been  omitted. 

Figure  4  shows  a  gradual  smoothing  of  the  cylinder  sur¬ 
face.  Slight  grooving  in  the  direction  of  sliding  is  also  visible, 
(.'lose  examination  of  the  wear  track  revealed  that  the 
smoothing  that  was  occurring  was  basically  the  result  of 
attrition,  i.e.  removal  of  metal  rather  than  redistribution 
through  deformation.  Two  enlarged  photomicrographs  of 
the  relocation  area  taken  at  700  and  2577  revolutions  (Fig.  5 
(a)  and  (b)|  show  that  while  some  extrusion  of  metal  is  filling 
in  a  large  scratch,  most  of  the  grooves  and  scratches  are 
being  smoothed  out  bv  abrasion  of  the  surface  (i.e.  the  sur¬ 
face  is  being  worn  down  to  the  bottom  of  the  grooves).  The 
photomicrographs  show  that  most  of  the  original  grooves 
had  disappeared  by  the  time  the  wear  test  had  run  for  3253 
revolutions.  At  5234  revolutions,  the  surface  was  still  quite 
smooth,  but  a  continued  abrasive  action  was  causing  more 
new  grooves  to  form  along  the  wear  track  also. 

The  bottom  photomicrographs  on  Fig.  4  show  the  ap¬ 
pearance  of  the  wear  track  after  the  sudden  jump  in  friction 
at  the  end  of  the  test.  A  central  band  of  damage  is  visible 
which  is  the  result  of  localized  plowing.  This  damaged  band 
was  not  continuous.  Figure  b  shows  an  isolated  plowing  con¬ 
tact  some  distance  upstream  from  the  relocation  area  where 
the  damage  is  restricted  to  a  small  area.  The  region  sur¬ 
rounding  this  small  gouge  appears  to  be  undamaged.  Con¬ 
tinued  sliding  for  95  more  cvlinder  revolutions  resulted  in 
enlargement  of  some  of  these  gouges  as  well  as  the  for¬ 
mation  of  new  damaged  areas. 
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Fig.  4 — SEM  Photomicrograph*  ot  Wur  Track  on  Hardened  AISI  4340 
Staat  Cyllndar,  Altar  Sliding  Agalnat  Hardanad  AISI  4340  Steal 
Pin  tor  Number  of  Revolutions  Shown.  Lett  (Ida — low  magnifi¬ 
cation.  Right  alda— enlarged  view  of  left  slda  photomicrograph. 


Fig.  5—  SEM  Photomicrograph*  of  Wear  Track  for  Hardanad  AISI  4340 
Staat  versus  Saif,  (a)  700  revolutions;  (b)  2577  revolutions.  Arrow 
shows  countarface  sliding  direction.  (Magnification  1000s). 


Surface  Topography  Measurements 

Figure  7  shows  a  series  of  surface  profiles  of  the  test 
cylinder,  taken  circumferentially  (i.e.  along  the  wear  track). 
The  measured  average  roughness  (/?„,  0.25  mm  cut-off) 
and  skewness  (/?,*)  are  also  shown  adjacent  to  the  profiles. 
These  profiles  show  the  gradual  smoothing  of  the  wear  track 
from  2  through  3884  cylinder  revolutions  and  the  tailed 
surface  at  7210  revolutions.  Although  the  average  rough¬ 
ness  of  the  last  profile  is  among  the  lowest  measured 
throughout  the  test  at  this  location,  the  predominance  of 
peaks  in  the  profile,  due  to  isolated  areas  of  raised  material, 
indicates  that  some  surface  damage  has  occurred. 


RESULTS— ANNEALED  STEEL  VERSUS  ANNEALED 
STEEL 

The  results  of  this  wear  test  have  been  described  in  detail 
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Fig.  6—  SEM  Photomicrograph*  {Lett  SJds— 200i:  Right  Slds— lOOOx  E n-  Fig.  8 — SEM  Photomicrograph  ot  Wur  Track  on  Annsalsd  AISI  4340  Cyl- 

largsmsnt  ot  Boxsd  Araa)  ot  Waar  Track  on  Hardanad  AISI  4340  indar  Attar  90  Ravolutiona  Againat  Hardanad  Pin.  Arrow  shows 

Staat  Cyllndar  Attar  7115  Ravolutiona.  Arrow  shows  sliding  01-  eountartaca  sliding  direction.  (Magnification— lOOOx). 

faction  of  hardanad  staai  eountartaca. 
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Fig.  7— Surface  Profiles.  Average  Roughness  (R.)  and  Skewness  (R«) 
of  Cyllndar  Waar  Track  at  Various  Stages  During  Long  Term  Waar 
Test  ot  Hardanad  AISI  4340  Steal  Pin  versus  Annealed  AISI  4340 
Steal  Cylinder.  Bottom  profile  shows  damaged  area  on  surface. 


in  a  previous  paper  (26)  and  are  included  here  primarily 
as  a  basis  for  comparison  with  other  tests.  The  continued 
sliding  passes  of  the  pin  caused  a  plastic  smearing  of  metal 
to  slowly  fill  in  the  original  surface  finishing  grooves  on  the 
cylinder.  It  was  speculated  that  the  smoothing  resulted  in 
a  loss  of  lubricant  retention  capability  in  the  surface,  which 
eventually  resulted  in  failure  due  to  lack  of  lubrication  at 
approximately  2060  revolutions.  The  failed  surface,  de¬ 
scribed  in  detail  in  (26),  showed  excessive  cutting  and  plow¬ 
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Fig.  9— Surface  Profile*,  Average  Roughneaa  <fl.)  and  Skewness  (R„) 
of  Cylinder  Weer  Track  at  Vartoua  Stages  During  Long  Term  Wear 
Test  of  Hardened  AISI  4340  Steel  Pin  versus  Annealed  AISI  4340 
Steel  Cylinder. 


ing,  including  the  formation  of  a  cutting  chip  at  the  leading 
edge  of  the  contact.  The  sequence  of  events  in  this  test  and 
the  wear  process  during  failure  were  very  similar  to  the  test 
of  a  hardened  pin  versus  annealed  cylinder  which  will  he 
described  in  more  detail  in  the  next  paragraphs. 


RESULTS— HARDENED  STEEL  PIN  VERSUS 
ANNEALED  STEEL  CYLINDER 

The  friction  versus  time  plot  for  this  test,  shown  in  Fig. 
once  again  indicates  that  the  friction  became  higher  and 
more  erratic  as  the  sliding  test  progressed.  The  surface  ot 
the  cylinder  was  becoming  smoother  as  shown  in  the  pho¬ 
tomicrograph  in  Fig.  8,  taken  at  90  revolutions.  Plastic  How 
of  metal  can  be  seen  which  is  contributing  to  the  smoothing 
of  the  wear  track.  The  surface  profiles  in  Fig.  9  also  show 
the  rapid  smoothing  of  the  surface  during  the  first  90  passes 
of  the  hardened  steel  pin. 

This  test  suddenly  failed  at  206  cylinder  revolutions. 
Figure  10  shows  the  observed  result:  the  formation  n!  a 
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:>g.  10 — SEM  Photomicrographs  (Lett  Side — I00x:  Right  Side— SOOx  En- 
argement  ot  Boxed  Area)  ot  Cutting  Chip  Formation  at  Leading 
Edge  ot  Pin-on-Cyllnder  Contact.  Materials:  Hardened  AISI  4340 
steel  pin  versus  annealed  AlSl  4340  steel  cylinder 


Fig  1 1  -SEM  Photomicrographs  ot  Failed.  Annealed  AISI  4340  Steel  Cyl 
inder  After  206  Passes  of  Hardened  Pin.  Arrows  show  counter¬ 
face  sliding  direction.  (Magnifications:  (a)  =  400 x.  (b)  =  1 000x|. 


Fig.  12 — SEM  Photomicrograph  of  Tip  of  Hardened  AISI  4340  Steel  Pin 
After  206  Cylinder  Revolutions.  Arrow  shows  sliding  direction 
of  annealed  steef  counterface.  (Magnification  =  400x) 

•imriir  'fuc*  Ili»*  JUpt*arjTutm  » >t  the  taileri  wear  track  is 
"how  n  ! r i  f-  i  '  tfui  a  <  orrespmirimy  phofomu  rosjraph  of 
'he  tip  or  the  hardened  steel  slider  is  shown  in  he  1 1  As 
pre’.ionsiv  i.fiser’.eri  with  .in  annealed  steel  slider  '2h  i.  lur- 
r  ow  s  ,ii  r  (  in  .iiofiu  r  he  wear  tr.u  k  hv  individual  hiyh  teatu res 
md  adherer!  pantries  o|  wear  drbris  on  the  pm  tip.  I  he 
onttmious  <  nip  is  the  manifestation  ot  this  Milting  action 
when  the  penetration  oiturs  at  the  leading  edtje  <>l  rhe 
■  onrar  t 

METALLURGICAL  EXAMINATION  OF  WEAR  TRACKS 

\trer  die  wear  tests,  a  portion  of  the  tailed  wear  tra<  k  on 


(«)  (b> 


Fig.  13 — Typical  Appearance  of  the  Wear  Track  on  me  Hardened  AISI 
4340  Steel  Surface  Showing  Breakdown  at  the  Grain  Bounda¬ 
ries.  Specimen  surface  has  been  metallographlcally  polished 
and  etched.  [Magnifications:  la)  =  650«.  (b)  =  2400*) 

the  i  it <  umtcretu e  ot  i hi’  i  \  IiikU'i  tot  the  annealed  s  s.  m- 
nr. ili'ii  .mil  thf  it. nd  is  hunt  tfsi  was  polished  hi  ru<-t.m« >- 
graphic  ifihnnjiifs  1 1 1 1 1 1  i  ihf  isf.ir  tr.uk.  in  .1  stn.ill  ;  i.t  1 1  m 
diis  segment  ii. is  lompletelv  removed.  Thus,  when  ••  n  ft 
.  s  I mdc r  is  .is  minted  I  hmuuh  .i  sm.nl  .in  tor  trisnei  1 1 • . r  1  1  ne 
portion  of  (he  ir.uls  between  the  polished  atea  .mo  me 
mdisturbed  at  e.i  sin  used  the  .toncat  aru  e  ot  i  he  iie.it  ■  r . o  s 
it  i.inous  depths  1  his  polished  area  u.is  men  iiuhtls  Mr>! 
using  a  perteni  piir.il  solution,  and  the  speitmeu  w  o 
examined  in  (tie  scanning  eleitron  microscope 

\  It  hough  both  the  hardened  and  the  annealed  \  I  s  I  I  '  !" 
sieel  i  ilmders  appear  to  undergo  detortnauon  in  me  wear 
track,  the  tv pe ot  deformation  is  disnnuh  different.  I-  mute  t 
shows  electron  micrographs  ot  the  condition  ot  the  near 
track  m  the  hardened  steel  stir  fat  e  I  lie  os  e  rail  mu  n  istrtn  - 
ture  is  line  grained,  tempered  martensite,  t  he  grouses  isitmn 
the  wear  track  are  surrounded  In  voids  indicating  gram 
houndarv  failure  There  is  lerv  little  deformation  within 
i  he  grams  themselves.  F.ssent tails .  the  shape  of  a  crvstal  and 
its  neighboring  crsstals  coincides  except  tor  the  soul  area 
around  the  grains  Some  ot  the  smaller  grams  have  hern 
removed  and  the  remaining  void  geometrv  is  similar  to  mat 
"t  the  tspual  crsstalline  structure  In  the  area  outside  ot 
the  wear  track  there  is  no  space  between  the  arums  indi¬ 
cating  that  the  metallographtc  polishing  diet  not  <  ause  me 
gram  houndarv  condition  in  the  wear  track.  It  appeal'  mat 
during  the  sliding  process  the  grain  boundaries  ate  weak¬ 
ening  and  smaller  grains  are  being  removed,  possihis  .i' 
grams  rub  together  due  to  elastic  deformation  under  load 

I’he  track  on  the  softer  steel  shows  gross  deformation 
throughout  i  Kig.  14).  It  is  difficult  to  idenniv  an v  individual 
grams  m  Kig  I  t  Areas  outside  ot  the  wear  track  w  ftu  h  had 
been  metallographicalls  polished  show  no  deformation  and 
no  metal  smearing  Hence,  most  of  the  wear  traik  has  turn 
plasticallv  deformed,  with  metal  smearing  as  the  predom¬ 
inant  deformation  mechanism 

DISCUSSION 

These  experiments  were  run  under  vers  severe  sliding 
i  ondittons  The  high  i  ontact  stresses  and  low  sliding  speeds 
precluded  the  generation  of  fluid  hint  elicits  so  that  die 
lubricant  must  have  protected  the  surtaces  on  a  itlolei  ular 
level  Thus,  supplv  ot  oil  to  and  retention  ot  oil  within  the 
i  ontact  become  essential  fadors  I  he  in-situ  .SK.M  obser¬ 
vations  made  in  these  studies  have  shown  that  the  grooves 
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Fig.  14 — Typical  Appaaranca  of  the  Waar  Track  on  tha  Annaalad  AISI 
4340  Steal  Surtaca  Showing  Gross  Deformations.  Specimen  sur¬ 
face  has  bean  mataffographlcalfy  polished  and  etched.  (Mag¬ 
nifications:  (a)  =  170x.  (b)  =  1700*1. 

on  the  surface  of  the  test  cylinder  act  as  reservoirs  to  hold 
oil  Figure  10  in  Ret.  i251  shows  this  quite  clearlv  Since 
there  is  no  replenishment  of  lubricant  in  these  tests,  anv 
loss  ot  lubricant  retaining  grooves  mav  be  detrimental  to 
die  sliding  behavior  The  severe  sliding  conditions  and  poor 
lubrication  should  act  to  accelerate  effects  that  could  also 
occur  in  a  normal,  well-lubricated  contact. 

\  possible  sequence  of  events  in  these  experiments,  based 
on  the  observations  made,  is  that  the  run-in  phase  involves 
a  progressive  change  in  surface  topography  from  a  surface 
i  onsisling  ot  relatively  random  lulls  and  vallevs  to  a  surface 
i  (insisting  i>l  smooth,  flat  lands  interrupted  bv  scratches  and 
grooves.  This  run-in  is  accompanied  bv  a  build-up  of  tine 
wear  debris  interspersed  with  oil  around  the  pin-on-cvlinder 
contact  As  sliding  progresses,  the  processes  initiated  during 
the  run-in  phase  continue  and  result  in  a  loss  of  lubricant 
reaching  the  contact,  because  the  oil-retaining  reservoirs  are 
being  eliminated  and  the  remaining  oil  is  being  tied  up  in 
debris/oil  agglomerates.  These  clumps  of  debris/oil  buiid  up 
at  the  leading  edge  ot  the  pin  and  eventually  are  deposited 
on  the  cylinder  alongside  the  wear  track,  either  as  separate 
clumps  or  as  continuous  walls  on  either  side  ot  the  track 
(see  Fig  li  Other  investigators  have  suggested  that  debris 
•  ol lefts  m  the  scratches  and  grooves  within  a  wear  track 
ill).  ( 29).  hut  (his  has  not  been  observed  in  the  current 
studies. 

Fhe  loss  ot  the  protective  lubricant  barrier  between  the 
metal  surtaces  mav  result  in  localized  adhesion  ot  the  sur¬ 
faces  and  the  formation  of  relatively  large  wear  particles. 
The  wear  then  perpetuates  itself  to  catastrophic  failure  be¬ 
cause  trapped  wear  particles  cause  an  acceleration  ot  the 
damage.  The  failure  involves  adhesion  plus  significant 
plowing  and  penetration,  i.e.  abrasive  processes.  Bates  et  al 
(9)  have  coined  the  term  penetrative  wear"  for  processes 
such  as  this  in  which  both  adhesion  and  abrasion  plav  a  rote 
in  the  wear  process. 

The  effect  ot  steel  hardness  on  abrasion  resistance  has 
been  studied  lor  a  number  of  years.  Often  quoted  is  the 
fundamental  work  of  Kruschov  (30)  and  Rabinowicz  (31). 
which  showed  that  for  anv  given  metal,  the  abrasive  wear 
resistance  improves  as  the  metal  hardness  is  increased.  Kra- 
gelski  (32)  has  also  discussed  this  in  detail.  Murray  et  al  (33) 
attempted  to  better  quantify  the  relationship  between  hard¬ 
ness.  attack  angle  (related  to  penetration)  and  abrasive  wear 
resistance,  and  showed  that  a  transition  from  plowing  to 
cutting  occurs  if  the  metal  hardness  is  reduced.  L'nlubn- 
cated  m-situ  SEM  scratch  tests,  bv  Kavaba  et  al  (14)  and 
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Hokkirtgawa  and  Li  ( 15).  visually  confirmed  the  hardness 
effect  as  well  as  adding  valuable  quaniiiative  information 
on  the  relationship  between  groove  volume  and  the  actual 
volume  of  material  removed  b\  wear.  The  present  lubri¬ 
cated  studies  show  the  same  effects  during  failure  of  a  mar¬ 
ginally  lubricated  contact. 

The  loss  of  lubricant  retaining  grooves,  which  is  a  kev 
element  of  this  discussion,  appears  to  be  the  result  ot  two 
processes  in  the  steels  of  different  hardnesses.  For  the  an¬ 
nealed  steel  cvlinder  with  an  annealed  steel  pin,  the  grooves 
are  slowlv  covered  over  bv  plastically  smeared  metal  For 
the  annealed  steel  cvlinder  with  a  hardened  steel  pin  the 
process  is  essentially  the  same,  but  the  progression  to  failure 
occurs  much  more  quicklv.  For  the  hardened  steel  combi¬ 
nation.  plastic  How  is  minimized  and  the  higher  features  on 
the  cvlinder  are  worn  down  bv  a  process  that  apparently 
involves  abrasion.  Thus,  the  surface  wears  down  to  (he  bot¬ 
tom  of  the  grooves. 

The  differing  character  between  the  annealed  steel  and 
the  hardened  steel  is  predicted  bv  elaslioplastic  contact  pa¬ 
rameters.  such  as  the  plasticity  index  ('Ey  The  plasticity 
index,  first  introduced  bv  Greenwood  and  Williamson  i  ?Vi 
and  modified  bv  Hirst  and  Hollander  (35)  predicts  the  de¬ 
gree  of  plastic  deformation  that  will  occur  when  rough  sur¬ 
faces  are  loaded  in  contact.  It  is  given  bv 


'E  =  0.6 


E'R , 

HP* 


where 

E'  =  reduced  elastic  modulus  for  the 

contacting  materials,  i.e.  ME'  =  1  iE\  -  I  E_> 
H  =  penetration  hardness  of  softer  material 
Rq  -  RMS  average  roughness 
P*  =  correlation  length  (a  surface 
"wavelength”  parameteri 


The  values  of  'E,  /?„,  Rq  and  3*  for  the  series  of  surface 
profiles  in  Fig.  7  and  9.  plus  values  previously  calculated 
(26)  for  the  annealed  versus  annealed  combmauon  are  shown 
in  Table  2. 

A  plasticity  index  value  greater  than  the  threshold  value 
of  'E  =  I  predicts  a  significant  number  of  plastic  asperity 
contacts.  Thus,  significant  plastic  flow  upon  contact  is  pre¬ 
dicted  for  the  first  three  profile  measurements  for  (he  an¬ 
nealed  steel  couple  and  the  first  measurement  for  the  hard- 
on-annealed  combination.  Table  2  shows  that  no  plastic  How 
is  predicted  for  the  hard-on-hard  combination,  thus  agree¬ 
ing  with  the  behavior  that  was  actually  observed  in  ihese 
tests. 


CONCLUSIONS 

By  performing  sieel-on-sieel  sliding  experiments  in-situ 
in  a  scanning  electron  microscope  with  a  thin  film  of  hy¬ 
drocarbon  oil  lubricating  the  sliding  surfaces,  the  following 
observations  were  made: 

I.  After  repeated  sliding  passes,  the  surfaces  fail  due  to 
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Table  2 — Serfage  Tomicraphy  Parameters 

Hardened  Steel  Pin  Sliding  on  Hardened  Steel  Cylinder 

Cylinder 

Revolutions 

ft„  (pm) 

ft,  (pm) 

P*  (pm) 

V 

0 

'  ■ 

0.249 

9.12 

0.628 

o 

0.229 

7.48 

0.703 

100 

0.216 

0.465 

700 

0.228 

11.18 

1290 

0.085 

15.95 

0.154 

1923 

0  061 

0.087 

0.188 

2577 

0.066 

0.089 

13.82 

0.148 

3253 

0.077 

0.067 

19.. 1 1 

0.081 

3884 

0  042 

0.060 

18.92 

0.073 

5243 

0.055 

0.069 

25.16 

0.063 

7210 

0.051 

0.036 

_ 

73.55 

_ 

0.01 1 

Annealed  Steel  Pin  Sliding  on  Annealed  Steel  Cylinder 

Cylinder 

Revolutions 

Rn  (*im) 

.... 

ft,  (pm) 

V 

0 

0.329 

— 

8.87 

1  33 

2 

0  296 

■11/  - 

5.39 

1  89 

36 

■.  -■El  ■ 

7.37 

1.27 

150 

w|7i 

12.00 

0.38 

443 

11.17 

0.33 

618 

.  1 1 

14.07 

0.17 

1303 

mUM-i- 

1  1.34 

0.22 

1783 

Ifjggt 

0.049 

23.42 

0.06 

2070 

1 

0  191 

26.38 

0.20 

Hardened  Steel  Pin  Sliding 

on  Annealed  Steel  Cylinder 

Cylinder 

Revolutions 

ft,  (pm) 

ft,  (pm) 

P*  (pm) 

'V 

0 

0.231 

0.287 

9.11 

mm 

2 

0.088 

10.09 

\ 

90 

0  058 

0.074 

31.89 

0.128 

206 

0.055 

0.072 

28.61 

0.139 

lack  of  lubrication.  It  is  believed  that  oil  is  prevented 
f  rom  reaching  the  contact  because  smoothing  of  the 
surfaces  results  in  a  loss  of  essential  lubricant  reser¬ 
voirs.  Additionally,  oil  is  lost  from  the  contact  as  it  is 
tied  up  in  wear  debris/oil  agglomerates. 

2.  The  surface  smoothing  that  takes  place  involves  plastic 
How  of  metal  to  fill  in  the  original  grooves  and  scratches 
on  the  softer  steel  surface,  while  the  harder  surface 
wears  down  to  the  bottom  of  the  grooves. 

3.  The  crystal  structure  of  the  hardened  steel  showed 
little  plastic  deformation  in  the  wear  track  but  the  in¬ 
dividual  grains  were  surrounded  by  void.  The  track 
in  the  annealed  steel  showed  gross  deformation  and 
individual  crystals  could  not  be  identified. 

4.  Cutting  by  trapped  wear  debris  is  the  predominant 
mechanism  of  wear  during  failure  of  the  softer  steel. 
The  harder  steel  wears  by  a  plowing  mechanism  dur¬ 
ing  failure. 
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